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Abstrat
We study proton deay in a supersymmetri SO(10) gauge theory in six dimensions
ompatied on an orbifold. The dimension-5 proton deay operators are forbid-
den by R-symmetry, whereas the dimension-6 operators are enhaned due to the
presene of KK towers. Three sequential quark-lepton families are loalised at the
three orbifold xed points, where SO(10) is broken to its three GUT subgroups.
The physial quarks and leptons are mixtures of these brane states and additional
bulk zero modes. This leads to a harateristi pattern of branhing ratios in proton
deay, in partiular the suppression of the p→ µ+K0 mode.
1 Introdution
The most striking onsequene of Grand Unied Theories is proton deay [16℄. It has
been predited and sought for more than 30 years, and its absene onstitutes a very
strong onstraint on any realisti GUT model.
Reently, the disussion of proton deay has been revitalised on two dierent fronts.
On the experimental side, the bounds oming from the SuperKamiokande experiment
have reahed τ(p→ e+π0) ≥ 5.3× 1033 yrs [7℄ and τ(p→ K+ν¯) ≥ 1.9× 1033 yrs [8℄. On
the theoretial side, these bounds have motivated new detailed studies of proton de-
ay via dimension-5 operators in supersymmetri SU(5) models [913℄. These analyses
showed that the present bounds disfavour this lass of models, although the theoretial
preditions strongly depend on the avour struture assumed [12, 13℄.
Dimension-6 operators are less dangerous and have not drawn so muh attention
in the literature. It is, however, well known that suh operators depend on the avour
struture as well [1416℄, and it has been realised that the observed leptoni mixing an
have a strong eet on the proton deay branhing ratios [17℄. Reently, dimension-6
operators have been studied in ipped SU(5) [18℄ and SO(10) [17, 19℄ GUTs.
The interest in dimension-6 operators has been renewed by GUT models in higher
dimensions, with symmetry breaking via orbifolds. Here dimension-5 proton deay is
naturally absent [20,21℄. In suh models though, the dimension-6 operators are enhaned
ompared to the usual 4D ase, due to the lower mass sale for the heavy partiles
mediating the deay and the presene of Kaluza-Klein towers of suh states. Furthermore,
the proton deay branhing ratios depend on the loalization of quarks and leptons [22℄.
The goal of the present paper is to study proton deay via dimension-6 operators
in a spei SO(10) orbifold GUT model in 6D, where the omplete Standard Model
avour struture an be reprodued via mixing of brane states with bulk split multiplets
[23℄. This kind of model an naturally arise in ompatiations of the heteroti string
[24,25℄. Quark and lepton mass matries are approximately of lopsided type, with some
harateristi modiations ompared to the 4D lopsided piture. The up quark of the
rst generation is loated on a brane where the bulk gauge group SO(10) is broken to
SU(5)xU(1), and therefore SU(5) gauge boson exhange gives the main ontribution to
proton deay. For this model, we will alulate the total rate and the branhing ratios of
proton deay and ompare the results with those in a 4D SU(5) models with U(1) family
symmetry.
The paper is organised as follows: in Setion 2, we disuss the avour struture
of the 6D orbifold GUT model and evaluate the mixing matries needed to alulate
proton deay widths. Setion 3 deals with proton deay via dimension-6 operators in the
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Figure 1: The three SO(10) subgroups at the orresponding xed points (branes) of the orbifold
T 2/Z2 × Z ′2 × Z ′′2 .
usual 4D ase as well as the 6D model for whih the sum over the Kaluza-Klein tower
is performed. Finally, in Setion 4 we disuss the eets of the avour struture on the
proton deay branhing ratios in the dierent models. Conlusions are given in Setion 5.
2 6D orbifold GUT model
We start from an SO(10) gauge theory in 6D with N = 1 supersymmetry ompatied on
the orbifold T 2/(ZI2×Zps2 ×Zgg2 ) [26,27℄. The theory has four xed points,Oi,Ops,Ogg and
O

, loated at the four orners of a `pillow' orresponding to the two ompat dimensions
(f. Fig. 1). At O
i
, only SUSY is broken, whereas at the other xed points, O
ps
, O
gg
and
O

, also SO(10) is broken to its three GUT subgroups G
ps
= SU(4)× SU(2)× SU(2) [1℄,
G
gg
= SU(5)× U(1)X [2℄ and ipped SU(5) [5,6℄, G = SU(5)′ × U(1)′, respetively. The
intersetion of all these GUT groups yields the standard model group with an additional
U(1) fator, G
sm
′ = SU(3)× SU(2)× U(1)Y × U(1)Y ′, as unbroken gauge symmetry below
the ompatiation sale.
The eld ontent of the theory is strongly onstrained by imposing the anellation of
irreduible bulk and brane anomalies [28,29℄. We study the model proposed in [23℄, on-
taining three 16-plets ψi, i = 1, . . . , 3, as brane elds, and six 10-plets, H1, . . . , H6, and
four 16-plets, Φ,Φc, φ, φc, as bulk hypermultiplets. Vauum expetation values of Φ and
Φc break the surviving U(1)B−L. The eletroweak gauge group is broken by expetation
values of the anti-doublet and doublet ontained in H1 and H2.
We hoose the parities of H5, H6 and φ, φ
c
suh that their zero modes are
L =
(
ν4
e4
)
, Lc =
(
νc4
ec4
)
, Gc5 = d
c
4 , G6 = d4 . (1)
These zero modes at as a (vetorial) fourth generation of down quarks and leptons and
mix with the three generations of brane elds. We alloate the three sequential 16-plets
to the three branes where SO(10) is broken to its three GUT subgroups, and plae ψ1 at
3
O
gg
, ψ2 at O and ψ3 at Ops. The three `families' are then separated by distanes large
ompared to the uto sale M∗. Hene, they an only have diagonal Yukawa ouplings
with the bulk Higgs elds. Diret mixings are exponentially suppressed. The brane elds,
however, an mix with the bulk zero modes for whih we expet no suppression. These
mixings take plae only among left-handed leptons and right-handed down-quarks. This
leads to a harateristi pattern of mass matries.
As desribed in [23℄, after B−L breaking at the sale vN and eletroweak symmetry
breaking via v1 = 〈Hc1〉, v2 = 〈H2〉, the mass terms assume the harateristi form
W = dαm
d
αβd
c
β + e
c
αm
e
αβeβ + n
c
αm
D
αβνβ + uim
u
i u
c
i +
1
2
ncim
N
i n
c
i , (2)
where the Greek indies, α = 1 . . . 4, inlude also the bulk states with nc4 = ν
c
4, while
Latin indies only run over brane elds, i = 1 . . . 3. Note that there is no Majorana mass
for nc4 = ν
c
4 whih originates from the 6D hypermultiplet. m
u
and mN are diagonal 3× 3
matries (tan β = v2/v1),
1
tanβ
mu ∼ v1M∗
v2N
mN ∼
 µ1 0 00 µ2 0
0 0 µ3
 , (3)
whereas md, me and mD are 4× 4 matries with the ommon struture,
1
tanβ
mD ∼ md ∼ me ∼

µ1 0 0 µ˜1
0 µ2 0 µ˜2
0 0 µ3 µ˜3
M˜1 M˜2 M˜3 M˜4
 ≡ m . (4)
Here µi, µ˜i = O(v1) and M˜i = O(GUT ). The diagonal and the o-diagonal elements of
these matries satisfy several relations due to the underlying GUT symmetries [23℄. The
hypothesis of a universal strength of Yukawa ouplings at eah xpoint leads to the iden-
tiation of the diagonal and o-diagonal elements of mu/ tanβ, md, me and mD/ tanβ
up to oeients of order one. This implies an approximate top-bottom uniation with
large tan β and a parametrization of quark and lepton mass hierarhies in terms of the
six parameters µ1, µ2, µ3 and µ˜1, µ˜2, µ˜3.
The ruial feature of the matries md, me and mD are the mixings between the six
brane states and the two bulk states. The rst three rows of the matries are proportional
to the eletroweak sale. The orresponding Yukawa ouplings have to be hierarhial in
order to obtain a realisti spetrum of quark and lepton masses. In a omplete theory,
this hierarhy may be due to the dierent loation of the xpoints on the orbifold. The
fourth row, M˜α, is of order the uniation sale and, as we assume, non-hierarhial.
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The mass matrix m (f. Eq. (4)) an be diagonalised by the unitary transformation
m = U4U3DV
†
3 V
†
4 , (5)
where the matries U4, V4 single out the heavy mass eigenstate, that an then be inte-
grated out, while the matries U3, V3 at only on the SM avour indies and perform the
nal diagonalisation in the remaining 3× 3 subspae. U4 and V4 are given by (negleting
phases)
U4 =

1 0 0 µ1M˜1+µ˜1M˜4
M˜2
0 1 0 µ2M˜2+µ˜2M˜4
M˜2
0 0 1 µ3M˜3+µ˜3M˜4
M˜2
− µ1M˜1+µ˜1M˜4
M˜2
−µ2M˜2+µ˜2M˜4
M˜2
−µ3M˜3+µ˜3M˜4
M˜2
1
+O
(
v2
M˜2
)
, (6)
V4 =

M˜4
M˜14
0 −M˜1 M˜23
M˜ M˜14
M˜1
M˜
0 M˜3
M˜23
M˜2 M˜14
M˜ M˜23
M˜2
M˜
0 − M˜2
M˜23
M˜3 M˜14
M˜ M˜23
M˜3
M˜
− M˜1
M˜14
0 −M˜4 M˜23
M˜ M˜14
M˜4
M˜

, (7)
where M˜ =
√∑
α M˜
2
α and M˜αβ =
√
M˜2α + M˜
2
β . In general, V4 ontains large mixings,
while U4 is approximately the unit matrix up to orretions O(v/M˜). U3 and V3 are the
matries that diagonalise
m′ = U †4mV4 =
(
m̂ 0
0 M˜
)
+O
(
v2
M˜
)
, (8)
where
m̂ =
 µ1(V4)1j + µ˜1(V4)4jµ2(V4)2j + µ˜2(V4)4j
µ3(V4)3j + µ˜3(V4)4j
 . (9)
Clearly, they have only a non-trivial 3× 3 part,
U3 =
(
V †
km
0
0 1
)
, V3 =
(
V̂ 0
0 1
)
. (10)
Notie that the rows of m̂ sale eah like µi, µ˜i. Hene, for hierarhial parameters µ1, µ˜1 <
µ2, µ˜2 < µ3, µ˜3 we obtain a struture familiar from lopsided fermion mass models.
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As disussed in [23℄, we an hoose the parameters in suh a way to give a onsistent
quark mass pattern and CKM matrix, in partiular
µ1 : µ2 : µ3 ∼ mu : mc : mt , (11)
and (f. Eq. (17))
µ¯3 ≃ mb , µ˜2 : µ¯3 ∼ ms : mb . (12)
The CKM matrix in U3 arises in a natural way as well. Setting the remaining parameter
µ˜1 to give
Vus = Θc ≃ µ˜1
µ˜2
≃ 0.2 , (13)
the other matrix elements are determined by the quark masses [23℄,
Vcb ∼ µ˜2
µ˜3
≃ ms
mb
≃ 2× 10−2 , Vub ∼ µ˜1
µ˜3
= Θc
ms
mb
≃ 4× 10−3 . (14)
Within the auray of our approah this is onsistent with the analysis from weak
deays [30℄.
The matrix V̂ takes a relatively simple form in the ase when µ1,2 = 0 and the mass
matrix in Eq. (9) has one zero eigenvalue. We then obtain
V̂ =

− M˜2 M˜4
M˜12 M˜14
M˜1(µ˜3M˜3 M˜4−µ3(M˜21+M˜22+M˜24))
µ¯3 M˜ M˜12 M˜14
− µ˜3
µ¯3
M˜1
M˜14
M˜1 M˜3
M˜12 M˜23
M˜2(µ˜3(M˜21+M˜22+M˜23 )−µ3M˜3 M˜4)
µ¯3 M˜ M˜12 M˜23
−µ3
µ¯3
M˜2
M˜23
M˜1 M˜2 M˜
M˜12 M˜14 M˜23
− µ˜3M˜21 M˜3+µ3M˜22 M˜4
µ¯3 M˜12 M˜14 M˜23
− µ˜3
µ¯3
M˜4 M˜23
M˜ M˜14
+ µ3
µ¯3
M˜3 M˜14
M˜ M˜23

, (15)
up to a two-dimensional mixing matrix for the seond and third generation, parameter-
ized by a small angle ΘR,
ΘR ≃ µ˜
2
1 + µ˜
2
2
µ¯23
≪ 1 , (16)
where we have dened
µ¯23 = µ˜
2
3
(
1− M˜
2
4
M˜2
)
+ µ23
(
1− M˜
2
3
M˜2
)
− 2µ3µ˜3M˜3M˜4
M˜2
. (17)
The ase of small µ1,2 limit is atually of physial relevane, sine it gives for the
down quark
md
ms
∼ µ2
µ˜2
µ˜1
µ˜2
∼ Θc mcmb
mtms
≃ 0.03 , (18)
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onsistent with data [31℄. Sine µ2/µ˜2 ∼ mcmb/(mtms) ∼ 0.1, the orretions to the
matrix (15) are small.
The harged lepton mass matrix me has the same struture as the down-quark mass
matrix, but there the large mixings are between the `left-handed' states ei. Experimen-
tal data require for the largest eigenvalue mτ ≃ mb, whereas the seond and the third
eigenvalue have to satisfy the relations mµ ≃ 3ms and me ≃ 0.2md, respetively. This
is onsistent with our identiation of md and me up to oeients of order one un-
less the relevant parameters are xed by GUT relations. The omparision between the
expression (18) for md and the orresponding one for me suggests loating the seond
family on the ipped SU(5) brane. The suessful relation for the light neutrino mass,
m3 ∼ m2t/M3 ∼ m2tM∗/v2N ∼ 0.01 eV, requires the third family to be loated on the PS
brane. With the rst family on the GG brane, md and me are determined by the param-
eters µd2 and µ
e
2, whih are not related by a ipped SU(5) mass relation.
3 Proton deay via dimension-6 operators
3.1 Eetive SU(5) operators in 4D models
Dimension-6 proton deay in the SU(5) model is mediated by the exhange of the X
and Y leptoquark gauge bosons [16℄. Contrary to the dimension-5 operator, it does not
involve any dressing through supersymmetri partners and therefore it is not sensitive to
the supersymmetry breaking sale (exept for the weak dependene of the GUT sale on
the superpartile mass spetrum). The eetive vertex is obtained by simply integrating
out the heavy gauge bosons.
The ouplings of the SU(5) representations 5∗ and 10 with the SU(5) gauge bosons
are given by their kineti terms, ∫
θ2θ¯2
∑
reps
Φ¯ie
2VΦi , (19)
whih inlude
L = i g5√
2
Aaµ
[
2 tr
(
10i γ
µT a 10i
)
+ 5¯∗
k
γµ(T a)⊤ 5∗
k
]
+ h.. , (20)
where g5 is the SU(5) gauge oupling; the Latin indies ount the generations, i = 1 . . . 3
those of 10, k = 1 . . . 3 those of 5∗.
We now express the SU(5) representations in terms of SM elds with X = (X, Y )
being a (3∗, 2, 5/6) representation of SU(3)× SU(2)× U(1). This yields the baryon and
7
lepton number violating terms
L = −i g5√
2
Xαµ
[
ǫαβγ Qβ,i γ
µ ucγ,i + e
c
i γ
µQα,i − dcα,k γµ Lk
]
+ h.. , (21)
where Greek indies denote the olour degrees of freedom and the SU(2) indies have
been suppressed. Note that the rst two terms ome from the 10 representation, the last
one from the 5∗.
Integrating out the heavy gauge bosons with masses MX , we get the eetive oper-
ators relevant for proton deay
L
e
= − g
2
5
2M2X
ǫαβγ ucα,i γ
µQβ,i
[
ecj γµQγ,j − dcγ,k γµ Lk
]
+ h.. . (22)
With Fierz reordering, one an write the operators as
L
e
= − g
2
5
M2X
ǫαβγ
[
ecjucα,iQβ,iQγ,j − dcα,kucβ,iQγ,i Lk
]
+ h.. . (23)
In the ase of ipped SU(5) the X ′ = (X ′, Y ′) bosons form a (3∗, 2,−1/6) represen-
tation of SU(3)× SU(2)× U(1) with ouplings
L = −i g5√
2
X ′αµ
[
ǫαβγ Qβ γ
µ dcγ − ucα γµ L
]
+ h.. . (24)
Contrary to SU(5), there is only a single baryon and lepton number violating operator
in ipped SU(5),
L
e
=
g25
M ′ 2X
ǫαβγdcα,kucβ,iQγ,i Lk + h.. . (25)
3.2 Eetive operators in 6D models
In the orbifold model desribed above, the up-type quarks are loalized at one xed point
eah, in partiular the up quark is loated at the Georgi-Glashow one. It is therefore lear
that dimension-6 proton deay an arise via the exhange of the SU(5) X and Y bosons
as in the traditional 4D piture. There are though two important dierenes in the 6D
ase, as we will see in the following.
First we have to take into aount the presene of not only one X gauge boson, but
of a Kaluza-Klein (KK) tower with masses given by
M2X (n,m) =
(2n+ 1)2
R25
+
(2m)2
R26
, (26)
for n,m = 0, 1, 2, . . .. The lowest possible mass isMX (0, 0) = 1/R5, as given by the SU(5)
breaking parity. Note that if we dene the 4D gauge oupling as the eetive oupling of
8
the zero modes, the KK modes interat more strongly by a fator
√
2 due to their bulk
normalization.
To obtain the low energy eetive operator, we then have to sum over the KK modes,
1
(M eX )2
= 2
∞∑
n,m=0
1
M2X (n,m)
= 2
∞∑
n,m=0
R25
(2n+ 1)2 +
R2
5
R2
6
(2m)2
. (27)
Taking formally the limit R6/R5 → 0, we regain the 5D result [22℄,
1
(M eX )
2
= 2
∞∑
n=0
R25
(2n + 1)2
=
π2R25
4
. (28)
The double sum in Eq. (27) is logarithmially divergent. Sine our model is valid only
below the sale M∗, where it beomes strongly oupled and also 6D gravity orretions
are no longer negligible, we restrit the sum to masses MX (n,m) ≤M∗. One easily nds
1
(M eX )
2
=
π
4
R5R6
(
ln (M∗R5) + C
(
R5
R6
)
+O
(
1
R5/6M∗
))
. (29)
Note that in the logarithm the smallest KK mass appears, R5 = 1/MX (0, 0). The depen-
dene of 1/(M eX )
2
on the uto M∗ has to disappear one the model is embedded in a
more fundamental theory. In the symmetri ase, R5 = R6 = 1/Mc, one nds C(1) ≃ 2.3
and the expression (29) simplies to
1
(M eX )
2
≃ π
4M2c
(
ln
(
M∗
Mc
)
+ 2.3
)
. (30)
Numerially, this agrees with the expliit sum over the KK masses within 1% for
M∗/Mc = 10 . . . 50, whih is the relevant range for the ratio of uto and ompati-
ation sales in 6D.
The seond, most important dierene of 6D models ompared to 4D models is the
non-universal oupling of the X gauge bosons. In fat, due to the parities and the SO(10)
breaking pattern, their wavefuntions must vanish on the xed points with broken SU(5)
symmetry, O
ps
and O

, and therefore no oupling arises via the kineti term with the
harm and top quark or to the brane states dc2,3, l2,3. We also have ouplings to the bulk
states dc4, d4 and l4, l
c
4. However, due to the embedding of the zero modes in full SU(5)
multiplets together with massive KK modes, i.e. (dc4, L4), (d4, L
c
4), (D
c
4, l4) and (D4, l
c
4),
the harged urrent interation always mixes the light states with the heavy ones, and
it is therefore irrelevant for the low energy proess of proton deay [22℄. So the kineti
oupling in Eq. (23) arises only for a single avour eigenstate, not for all avours as in
the usual 4D ase.
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3.3 Corretions from derivative brane operators
Apart from the kineti term ouplings, at any brane additional ouplings an arise on-
taining derivatives along the extra dimensions of the loally vanishing gauge bosons. Suh
operators are a 6D generalization of the 5D derivative operators disussed in [22, 32℄,
Ld =
∑
xed points
δi (z)
ci5/6
M∗
∫
θ2θ¯2
Φ¯1
(D5/6e2V )Φ2 + h.. . (31)
Here ci5/6 are unknown brane oeients, D5/6 = ∂5/6+iA5/6 are the ovariant derivatives
in the extra dimensions and Φi are any two dierent, loally non-vanishing elds in group
representations whih form a singlet together with generators of the broken symmetries.
For unbroken symmetries the hiral superelds A5/6 vanish at the xpoints.
These supersymmetri terms produe on the GG brane ouplings with the ipped
SU(5) leptoquark gauge bosons X ′, whose derivatives do not vanish on that brane. On
the ipped SU(5) brane, there are ouplings ontaining the derivative of the X gauge
bosons, and on the Pati-Salam brane there are derivative ouplings with both X ′ and X .
Due to these additional verties, three dierent lasses of operators an arise:
• operators oming from X ′ exhange on the GG brane: these involve two derivative
verties and an produe additional ontributions to the eetive operator
dck u
c
1Q1Lj (32)
with k, j = 1, 4; we will disuss their ontribution below;
• operators oming from X -exhange on the ipped SU(5) brane or X ,X ′ exhange
on the Pati-Salam brane: these usually involve the harm and top quark instead of
the up quark, and they are therefore irrelevant for proton deay;
• interbrane operators from both the exhanges of X and X ′ gauge bosons: they an
involve either one or two derivative verties and generate mixed avour operators
of the type
ecj u
c
1 u1 dk − dck uc1Q1Lj k, j = 2, 3, 4 X exhange, (33)
dc2 u
c
1 d2 νk k = 1, 4 X ′ exhange GG, (34)
dcj u
c
1 dl νk j, l = 3, 4 ; k = 1, 4 X ′ exhange GGPS. (35)
Apart from the last term, they are usually suppressed ompared to the kineti term
operators by a fator Mc/M∗ due to the dierent parities of the verties.
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To estimate the eet of these additional operators, whih introdue a dependene
on the O(1) oeients c5/6, let us now onsider the KK summations with one or two
derivative verties. We restrit ourselves here to the ase R5 = R6 = 1/Mc and univer-
sal oeients c5/6 at the dierent xpoints. Note that even if suppressed by M∗, these
operators an be as important as the usual ones, sine the derivative enhanes the di-
vergene of the KK summation, whih ompensates the suppression. For example, from
the exhange of the X ′ bosons on the GG brane, we obtain the sum
1
(M eX )
2
b.o.
=
2
M2∗
∑
n,m
|c5 (2n + 1) + c6 (2m+ 1) |2
(2n+ 1)2 + (2m+ 1)2
, (36)
whih is quadratially divergent. Using again the uto MX (n,m) ≤M∗, we obtain
1
(M eX )
2
b.o.
=
π
16M2c
(
|c5|2 + |c6|2 + 4
π
Re[c5c
∗
6] +O
(
Mc
M∗
))
, (37)
to be ompared with the `anonial' term Eq. (30). A similar result is obtained for the
exhange of X ′ gauge bosons between the GG and the PS brane, aeting only the deay
into neutrinos.
The exhange of gauge bosons between dierent branes involving only one single
derivative operator are less dangerous sine the propagator gives a fator (−1)n aount-
ing for the dierent parities of the derivative and the kineti term verties. Therefore
the KK summations are in general suppressed by a fator Mc/M∗. The exhange of X
bosons between the GG and the ipped SU(5) brane gives
1
(M eX )
2
b.o.
=
2
McM∗
∑
n,m
(−1)n c5 (2n + 1) + c6 (2m)
(2n+ 1)2 + (2m)2
. (38)
This sum is only logarithmially divergent thanks to the alternating signs. Using again
the uto MX (n,m) ≤ M∗, one nds
1
(M eX )
2
b.o.
=
1
2McM∗
(
c6 ln
(
M∗
Mc
)
+O(1)
)
, (39)
whih is suppressed ompared to the `anonial' term by a fator Mc/M∗. The same
result is obtained for the X ′ exhange between the GG and the ipped SU(5) branes.
Note that in priniple operators with a higher number of derivatives an also be
present, whih ontribute at the same level as the single derivative ones beause the
divergene of the KK summation ompensates the suppression by powers ofM∗. We will
assume that their ontribution is small.
Regarding the N=2 salar superpartners of the SU(5) gauge bosons, X5,6, the brane
terms in Eq. (31) give rise to ouplings with fermion kineti terms whih an only produe
11
orretions of order (mp/M∗)2. The derivatives of the X5,6 bosons do not ouple to fermion
pairs and are therefore irrelevant.
Finally, we emphasize that the position of the lightest quark generation is ruial
for the disussion of proton deay. For instane, if the up quark were loated on the
Pati-Salam brane, the dimension-6 operator oming from the kineti terms would be
absent sine both the X bosons of SU(5) and the X ′ bosons of ipped SU(5) vanish
there. In priniple, this gives us a means to avoid the `anonial' dimension-6 operators
ompletely, leaving the derivative ouplings as dominant ontributions.
4 Flavour struture and branhing ratios
4.1 Flavour mixing in 6D versus 4D GUT models
Proton deay involves only the light quark states and the operators ontaining the om-
binations uud and udd. Therefore we have to rotate the weak eigenstates into the mass
eigenstates and single out the ontributions for the lightest generation. Without loss of
generality and for future onveniene, we an start in the basis where the up-quark mass
matrix is diagonal. Then the down quark and lepton mass matries are not diagonal, in
general, but an be diagonalised by unitary transformations,
dL = U
d
Ld
′
L , eL = U
e
Le
′
L , νL = U
ν
Lν
′
L , (40)
dR = U
d
Rd
′
R , eR = U
e
Re
′
R , (41)
where the prime denotes mass eigenstates. Sine the up-quark matrix is diagonal, UdL
oinides with the CKM matrix.
We an now express the proton deay operators of Eq. (23) in term of mass eigen-
states,
L
e
=
g25
M2X
ǫαβγ
[
ec
′
k
(
Ue⊤R
)
kj
ucα,i
(
d′β,m
(
UdL
)
im
uγ,j − uβ,i
(
UdL
)
jl
d′γ,l
)
+ dc
′
α,l
(
Ud⊤R
)
lk
ucβ,i
(
uγ,i (U
e
L)kj e
′
j − d′γ,m
(
UdL
)
im
(UνL)kj ν
′
j
)]
+ h.. (42)
Note that for the orbifold onstrution, where only the rst generation weak eigenstates
ouple to the X bosons, the eetive operators read instead
L
e
=
g25
(M eX )2
ǫαβγ
[
2 ec
′
k
(
Ue⊤R
)
k1
ucα,1 d
′
β,m
(
UdL
)
1m
uγ,1
+ dc
′
α,l
(
Ud⊤R
)
l1
ucβ,1
(
uγ,1 (U
e
L)1j e
′
j − d′γ,m
(
UdL
)
1m
(UνL)1j ν
′
j
)]
+ h.. (43)
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Let us analyze the mixing pattern for the down quarks in the orbifold model. Sine
the mass matries of down quarks and harged leptons both have the form Eq. (4),
md ∼ me ∼ m, UdR and UeL have the same struture but, in general, oeients O(1)
will be dierent. For µ1, µ2 ≪ µ3, we obtain for the right-handed down-type quarks and
left-handed harged leptons,
UdR ∼ UeL ∼ V4V3 =

− M˜2
M˜12
M˜1(µ˜3M˜3−µ3M˜4)
µ¯3 M˜ M˜12
−M˜1(µ˜3M˜4+µ3M˜3)
µ¯3 M˜2
M˜1
M˜
M˜1
M˜12
M˜2(µ˜3M˜3−µ3M˜4)
µ¯3 M˜ M˜12
−M˜2(µ˜3M˜4+µ3M˜3)
µ¯3 M˜2
M˜2
M˜
0 − µ˜3
µ¯3
M˜12
M˜
− µ˜3M˜3M˜4−µ3(M˜
2
1
+M˜2
2
+M˜2
4)
µ¯3 M˜2
M˜3
M˜
0 µ3
µ¯3
M˜12
M˜
µ˜3(M˜21+M˜22+M˜23 )−µ3M˜3M˜4
µ¯3 M˜2
M˜4
M˜

, (44)
up to the two-dimensional mixing matrix for the seond and third generation disussed
in Setion 2.
The rotation matries of the left-handed down quarks and right-handed leptons are
obtained by diagonalizing m⊤m, whih leads to small mixing angles, with
UdL = Vkm ∼ UeR . (45)
The unitary matries UeL, U
d
R, U
d
L and U
e
R determine the oeients of the proton deay
operators in Eq. (43).
To make a omparison with ordinary 4D GUT models, we onsider the avour stru-
ture of two SU(5) models desribed in Refs. [33, 34℄. These models make use of the
Froggatt-Nielsen mehanism [35℄ where a global U(1)F avour symmetry is broken spon-
taneously by the VEV of gauge singlet eld Φ at a high sale. Then the Yukawa ouplings
arise from the non-renormalizable operators,
hij = gij
(〈Φ〉
Λ
)Qi+Qj
. (46)
Here, gij are ouplings O (1) and Qi are the U(1)F harges of the various fermions.
Partiularly interesting is the ase with a `lopsided' family struture, where the hiral
harges are dierent for 5∗ and 10 of the same family. The two examples [33, 34℄ with
phenomenologially allowed lopsided harges are given in Table 1.
Note that in these models the large neutrino mixing is explained by a large mixing
of 5∗-plets, whih is analogous to the large mixing of lepton doublets and right-handed
down quarks in the 6D model desribed above. Contrary to the 6D model, this does
not determine the U(1)F harges of the right-handed neutrinos. For proper hoies these
models also lead to suessful baryogenesis via leptogenesis [36℄.
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QF 103 102 101 5
∗
3 5
∗
2 5
∗
1
model A 0 1 2 a a a+ 1
model B 0 3 5 0 0 2
Table 1: U(1)F harges of the SU(5) elds; a = 0, 1.
The harge assignments determine the struture of the Yukawa matries. In model
A [33℄, orresponding to the semi-anarhial model of [34℄, the ouplings for down quarks
and harged leptons read
hd ∼ he ∼ ǫa
 ǫ
3 ǫ2 ǫ2
ǫ2 ǫ ǫ
ǫ 1 1
 , (47)
where the parameter ǫ = 〈Φ〉/Λ ∼ 1/17 ontrols the avour mixing. Diagonalisation of
the Yukawa matries yields
UdL = Vkm ∼ UeR ∼
 1 ǫ ǫ
2
ǫ 1 ǫ
ǫ2 ǫ 1
 , UdR ∼ UeL ∼
 1 ǫ ǫǫ 1 1
ǫ 1 1
 . (48)
In model B, whih orresponds to the hierarhial HII model of [34℄, the struture is
similar, while the small parameter is instead λ ∼ 0.35, suh that λ2 ∼ ǫ.
4.2 Deay rates and branhing ratios
To alulate the deay rates, we have to evaluate the hadron matrix elements 〈PS |O| p〉,
whih desribe the transition from the proton via the three-quark operator O to a pseudo
salar meson. The various matrix elements are alulated from the basi element
αPL up = ǫαβγ
〈
0
∣∣∣(dαR uβR)uγL∣∣∣ p〉 (49)
with the aid of hiral perturbation theory [37,38℄; up denotes the proton spinor. The deay
rates for the dierent hannels are given in Table 2. Here mp, mpi, mK and mη denote
the masses of proton, pion, kaon and eta, respetively, and fpi is the pion deay onstant;
mB = 1.15GeV is an average baryon mass aording to ontributions from diagrams
with virtual Σ and Λ; D = 0.80 and F = 0.46 are the symmetri and antisymmetri
SU(3) redued matrix elements for the axial-vetor urrent [39℄. The matrix element
α is evaluated by means of lattie QCD simulations; its absolute value varies in the
range (0.003− 0.03)GeV3. We will hoose |α| = 0.01GeV3 (see the reent disussion in
Ref. [40℄).
14
Γ(p→ e+j π0) =
(m2p −m2pi0)2
32πm3pf
2
pi
α2A2 G2G
(
1 +D + F√
2
)2
C2uduej
Γ(p→ ν¯jπ+) =
(m2p −m2pi±)2
32πm3pf
2
pi
α2A2 G2G (1 +D + F )
2 C2uddνj
Γ(p→ e+j K0) =
(m2p −m2K0)2
32πm3pf
2
pi
α2A2 G2G
(
1 + (D − F )mp
mB
)2
C2usuej
Γ(p→ ν¯jK+) =
(m2p −m2K±)2
32πm3pf
2
pi
α2A2 G2G
[(
2
3
D
mp
mB
)
Cusdνj+
(
1 +
D + 3F
3
mp
mB
)
Cudsνj
]2
Γ(p→ e+j η) =
(m2p −m2η)2
32πm3pf
2
pi
α2A2 G2G
(
1 +D − 3F√
6
)2
C2uduej
Table 2: Partial widths of proton deay hannels [41℄.
In the deay rates listed in Table 2 the oupling onstant GG = g
2
5/(M
e
X )
2
is given
by Eqs. (30), (37) and (39). The operators have to be evolved from the GUT sale down
to the hadroni sale, whih is desribed by the fator A = ASD · ALD. It ontains both
a short-distane ontribution ASD = 2.37, for the evolution from the GUT sale to the
SUSY-breaking sale, and a long-distane ontribution ALD = 1.43, for the evolution
from the SUSY-breaking sale to 1GeV [13℄. The eet of lepton masses is negleted.
The quark and lepton mixing patterns disussed above x the oeients C2ijkm in
the deay rates. As an example, for the proess p→ e+π0, we obtain from Eq. (43),
C2udue = 4
[
(UeR)11
(
UdL
)
11
]2
+
[(
UdR
)
11
(UeL)11
]2
. (50)
The oeients for the other proesses an be read o analogously. The deay rates in
Table 2 have the same form as the deay rates determined by dimension-5 operators.
The dierene lies in the oeients Cijkm and the oupling onstant GG.
We now start with the simplest ase of our orbifold model, with UdR = U
e
L, and with
degenerate masses M˜ and µ˜3 = µ3, whih we denote as ase I. The mixing matrix for
right-handed down quarks and left-handed harged leptons, Eq. (44), is then simply given
by
UdR = U
e
L =

− 1√
2
0 −1
2
1
2
1√
2
0 −1
2
1
2
0 − 1√
2
1
2
1
2
0 1√
2
1
2
1
2

, (51)
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deay hannel Branhing Ratios [%℄
6D SO(10) SU(5)× U(1)F
ase I ase II models A & B
e+π0 75 71 54
µ+π0 4 5 <1
ν¯π+ 19 23 27
e+K0 1 1 <1
µ+K0 <1 <1 18
ν¯K+ <1 <1 <1
e+η <1 <1 <1
µ+η <1 <1 <1
Table 3: Resulting branhing ratios and omparision with SU(5)× U(1)F .
thus the state dc1 has no strange-omponent. For the urrent-urrent operators we then
obtain from Eq. (43),
L
e
≃ g
2
5
(M eX )
2
ǫαβγ
[
2 V 2ud e
c ucα dβ uγ +
1
2
dcα u
c
β uγ e+ 2 VudVus µ
c ucα dβ uγ
+ 2 VudVus ec ucα sβ uγ + 2 V
2
us µ
c ucα sβ uγ
−
3∑
j=1
1√
2
(UνL)1j u
c
α d
c
β
{
Vud dγ + Vus sγ
}
νj
]
+ h.. , (52)
where the fermions are now mass eigenstates. From this equation we an read o the
oeients of the various oeients Cijkm appearing in the deay rates (f. Table 2),
C2udue = 4 V
4
ud +
1
4
, C2usuµ = 4 V
4
us , C
2
uduµ = C
2
usue = 4 V
2
usV
2
ud ,
C2uddν =
1
2
V 2ud , Cudsν =
1√
2
Vus , Cusdν = 0 , (53)
where we have used
∑3
j=1 (U
ν
L)1j (U
ν
L)
∗
1j = 1.
The numerial results for the branhing ratios are listed in Table 3. Note that the
eet of the derivative operators is negligible for c5 = c6 = 1. For the listed branhing
ratios the orretions are less than 3%.
To ompare the branhing ratios of the 6D model with those of the two 4D GUT
models desribed above, we assume that some mehanism suppresses or avoids the proton
deay arising from dimension-5 operators. The oeients C2ijkl an then be derived from
Eq. (42) using the mixing matries given in Eq. (48). For model A, they read
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C2udue ≃ C2usuµ ≃ 4 , C2uduµ ≃ C2usue ≃ 4 ǫ2 ,
C2uddν ≃
1
2
, Cudsν ≃ 1√
2
, Cusdν ≃ 2 ǫ . (54)
In model B, ǫ is replaed by λ2. The dierenes between the branhing ratios of the two
models are not signiant.
The dierene between the 6D SO(10) and the 4D SU(5) models is most notieable
in the hannel p → µ+K0. This is due to the absene of seond and third generation
weak eigenstates in the urrent-urrent operators and the vanishing (12)-omponent in
UdR and U
e
L in the ase of the 6D model. Hene, the deay p→ µ+K0 is doubly Cabibbo
suppressed. This eet is a diret onsequene of the loalization of the `rst generation'
to the Georgi-Glashow brane.
Let us now onsider the general ase, where the M˜ (d,e) are not degenerate, and where
µ3 and µ˜
(d,e)
3 dier as well. From Eq. (44) we see that the strange omponent in d
c
1 does
not vanish anymore, but it is smaller than the bottom omponent. We have studied
several ases whose results agree remarkably well. As an illustration, onsider the ase
where µ˜d3 = 2µ3 and µ˜
e
3 = 3µ3, with non-degenerate heavy masses M˜
d
1 : M˜
d
2 : M˜
d
3 : M˜
d
4 =
1
2
: 1√
2
: 1√
2
: 1 and M˜e1 : M˜
e
2 : M˜
e
3 : M˜
e
4 =
1
2
: 1√
2
: 1 : 1
2
(ase II). The branhing ratios
are listed in Table 3; the dierenes between the two ases are indeed small.
The most striking dierene is the deay hannel p→ µ+K0, whih is suppressed by
about two orders of magnitude in the 6D model with respet to 4D models. It is therefore
important to determine an upper limit for this hannel in the 6D model. Varying the
mass parameters in the range M˜j/M˜ = 0.1− 1 and µ˜d,e3 /µ3 = 0.1− 10, we nd
Γ(p→ µ+K0)
Γ(p→ e+π0) . 5% . (55)
Finally, a limit on the ompatiation sale an be derived from the deay width
of the dominant hannel p → e+π0. Negleting the suppressed ontributions from the
derivative operators, we obtain the analyti expression
Γ(p→ e+π0) ≃ (m
2
p −m2pi0)2
32πm3pf
2
pi
α2A2
(
1 +D + F√
2
)2
(56)
× π
2
16M4c
(
ln
(
M∗
Mc
)
+ 2.3
)2 [
4V 4ud +
M˜d 22
M˜d 21 + M˜
d 2
2
M˜e 22
M˜e 21 + M˜
e 2
2
]
≃
(
9× 1015 GeV
Mc
)4 ( α
0.01 GeV3
)2 (
5.3× 1033 yrs)−1 . (57)
With M∗ = 1017GeV and M˜
d,e
1,2 = O (1), the experimental limit τ ≥ 5.3 × 1033 yields
Mc ≥ Mminc ≃ 9× 1015GeV, whih is very lose to the 4D GUT sale. The lower bound
orresponds to M∗/Mminc = 12 and (M
e
χ )
2/(Mminc )
2 = 3.72.
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5 Conlusions
We have studied proton deay in a 6D SO(10) orbifold GUT model, whih is deter-
mined by dimension-6 operators. The harateristi features of the model are the dier-
ent breakings of the SO(10) symmetry at dierent points in the extra dimensions and
the assoiated loalization of some quarks and leptons. We nd that, like in 5D orb-
ifold GUTs [22℄, the proton deay rate is enhaned and the branhing ratios are strongly
aeted by the quark-lepton `geography'.
The summation over Kaluza-Klein towers depends logarithmially on the uto sale
M∗ in 6D, ontrary to 5D, where the sum is nite. Identifying the uto with the 6D
Plank mass, i.e. M∗ ≃ 1017 GeV, the SuperKamiokande bound on the proton lifetime
leads to the lower bound on the ompatiation sale Mc > 9× 1015 GeV. On the other
hand, the approximate uniation of gauge ouplings suggestsMc ≃ GUT ≃ 2×1016 GeV.
This yields the proton lifetime τ(p→ e+π0) ≃ 1×1035 yrs whih, remarkably, lies within
the reah of the next generation of large volume detetors!
The peuliar avour struture of our orbifold GUT model leads to harateristi
signatures in the branhing ratios of proton deay, in partiular the strong suppression
of the mode p → µ+K0 ompared to the preditions of 4D models. The reason is the
higher-dimensional quark-lepton `geography' and the related non-universal ouplings of
GUT bosons to fermions. Suh a pattern an be tested already with a handful of events!
Hene, the disovery of proton deay may not only onrm the most striking predition
of grand uniation, but it might also reveal its higher dimensional origin.
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